Emissions of mercury (Hg) and their control are a well-known problem for conventional coal combustion power plants but they still represent a challenge for relatively new technologies such as the oxy-combustion. In oxy-fuel combustion systems it is important that Hg be in its oxidized form (Hg 2+ ) because in the form of elemental mercury (Hg 0 ), it can damage the CO 2 compression units. In conventional air combustion some catalysts used in selective catalytic reduction (SCR) of NOx could also co-benefit Hg oxidation. This study evaluates the oxidation of Hg in the presence of several SCR catalysts under an oxy-combustion atmosphere focusing on the main differences with conventional air coal combustion. In the experimental conditions of this study, a higher mercury oxidation was observed in the CO 2 -enriched atmosphere due to the fact that in this atmosphere the conversion of NOx was lower, which resulted in a higher concentration of NO and NO 2 free to homogeneously oxidize mercury. In oxy-combustion conditions the high amount of CO 2 and H 2 O present may block the active sites for mercury adsorption. Moreover, the differences between the active sites of catalysts based on V/W/TiO 2 and Fe/Zeolite with/without Mn as doping agent were eclipsed by the effect of the flue gas composition
Introduction
During the last decade, oxy-fired coal power plants have emerged as a promising technology for CO 2 capture. In oxy-combustion plants, coal is burned with a mixture of O 2 and recirculated flue gas, instead of air. This results in a flue gas stream with a high concentration of CO 2 , suitable for purification, compression and storage. Despite the significant amount of fundamental and experimental research carried out on the oxycombustion process [1] [2] , some uncertainties, such as the behavior of mercury and its control, still remain unsolved. Under oxy-fuel conditions higher Hg concentrations than in air-firing are to be expected [3] [4] . High concentrations of mercury are a matter of concern not only because they are a danger to the environment but also because they cause technological problems as Hg can corrode the Al-alloys in the CO 2 compression units [5] [6] .
During combustion, mercury present in coal evaporates as elemental mercury (Hg 0 ), but as the flue gas cools, it is partially transformed into oxidized species (Hg 2+ ).
The distribution, speciation and capture of Hg in a power plant depend on its content in the coal, the combustion conditions, halogen and sulfur species in the gas stream, unburned particles in fly ashes, etc. It is well known that Hg 2+ can be retained in the flue gas desulphurization (FGD) units and particulate control systems and that Hg 0 is more difficult to remove due to its insolubility in water and high volatility. Hg speciation and capture in oxy-fuel conditions may differ from coal combustion with air due to the increase in H 2 O, HCl, SOx and Hg concentrations in the flue gas and the change in NOx concentrations caused by the absence of air-borne N 2 in oxy-combustion mode [7] [8] .
The presence of H 2 O, HCl, NOx and SOx in the gas may improve the homogeneous oxidation of Hg depending on their relative proportions and concentrations [9] . The emissions control units installed in power stations are also a very important factor in controlling Hg. FGD units, filters and selective catalytic reduction (SCR), installed for the control of SOx, particulate matter and NOx, respectively [10] [11] , may play an important role in mercury behaviour and capture.
This study is focused on evaluating the influence of some of the catalysts commonly used for SCR on Hg behavior in oxy-fuel combustion conditions.
The goal of SCR technology [12] is to reduce NOx to nitrogen and water by injecting NH 3 according to the following reactions:
The reaction occurs over a catalyst, usually at 300-400ºC. A co-benefit of SCR implementation is that it is also effective for oxidizing Hg 0 to Hg 2+ [13] [14] There is a wide body of research focused on improving the activity of the catalyst [16] [17] , but there is a lack of knowledge on the behavior of SCR for emerging applications such as oxy-combustion [18] [19] . An increase in the CO 2 concentration is not considered to have any effect on the behavior of the catalyst. However, an increase in SO 2 and SO 3 concentration in the flue gas of oxy-combustion [10, [20] [21] [22] can undermine the performance of the catalyst. SO 3 is known to form a sticky and corrosive ammonium bisulfate when NH 3 is added [23] [24] and therefore, severe clogging of the catalyst can be expected. In a similar way, water vapor can contribute to reducing the number of available active sites on the surface of the catalyst [17] . Changes in the flue gas composition and the effectiveness of the SCR system can modify the speciation of mercury [25] , thereby affecting mercury retention during the oxy-combustion process.
Wang et al. [11] 
Experimental part

Catalysts
The SCR catalysts were prepared by the Johnson Matthey technology center using an impregnation method in which the active SCR base metal component (Fe, V and W) was first impregnated on a powder support (TiO 2 and Zeolite) and then dried and calcined at 500°C. The powder catalysts were also aged hydrothermally at 550°C
for 48hrs to simulate a de-greening phase or to partially age the catalysts. The effect of a separate mercury oxidation component on the powder-impregnated SCR catalysts was 
Experimental device
The capacity of the catalysts for NOx reduction and Hg retention and oxidation was evaluated in the experimental laboratory scale device illustrated in Figure 1 (A) and Figure 1 (B), respectively. The device consists of: (1) a gas blending station equipped with mass flow controllers for preparing the different gas compositions (Table 1) focusing on the gas composition that simulates a typical oxy-combustion atmosphere (Figure 1 (B) ).
The Hg 2+ was captured by an ion exchanger resin (Dowex 1x8), suitable for the selective capture of Hg 2+ species [28] . The resin was conditioned with a solution of
HCl:H 2 O (1:1) at 90ºC for 30 minutes and then filtered and dried. The resin was placed prior to the Hg 0 continuous analyzer in such a way that the total mercury concentration was balanced. The Hg 2+ in the resin and in the condensed water at the end of the experiments and the mercury retained in the catalyst were measured using an automatic mercury analyzer (AMA 254).
Results and discussion
Characterization and activity of the catalysts
A summary of the most important conclusions from the characterization of the catalysts studied (V/W/TiO 2 , Mn-V/W/TiO 2 , Fe/Zeolite and Mn-Fe/Zeolite) has already been provided in a previous work [27] . Its findings that may help to interpret the results of the present study are the following: (i) When the SCR catalysts were doped with Mn (5-10 wt%) the specific surface area decreased, indicating that impregnation with metal species may have blocked or restricted access to the porous sites and (ii) analysis by XPS showed that the concentration of Mn on the surface of the Fe/Zeolite support was lower than on the V/W/TiO 2 catalysts, suggesting that the shielding effect was greater or that more dopants were being exchanged inside the bulk of the Fe/Zeolite material. to blockage of active sites and/or the exchange of metal ions which reduces the acidity of the catalysts. In the case of the V/W/TiO 2 catalysts the addition of Mn had little, to no effect, on the catalytic activity as the active sites were of a different nature to those of zeolites. As expected the catalytic activity decreased after ageing [27] .
In light of the above results, the Hg behavior across the V/W/TiO 2 and Fe/Zeolite catalysts in an oxy-combustion atmosphere was evaluated using the experimental device described in Figure 1 . Since the catalysts need to be effective for both the reduction of NOx and the oxidation of Hg 0 , catalytic activity for NOx reduction in these new conditions was assessed first (Figure 1 (A) ). The experiments were carried out over a period of 12 h using the fresh catalysts with different gas compositions, as shown in Table 1 . In this way the effect of the oxy-fuel gas composition can be evaluated and the differences between an oxy-combustion and an air combustion gas composition can be identified. (Figures 2-3 ). The capacity of the catalysts to convert NOx was also lower in the atmosphere simulating conventional coal combustion with air. The explanation for this low reactivity must be sought in the reactive gases. The deactivating effect of SO 2 on SCR catalysts, mainly in those supported on zeolite, is well known [17, 24] , but it is not the only factor responsible for the deactivation of the catalyst. In fact, the reduction of NOx was lower in the oxy-combustion atmosphere than in the air combustion atmosphere (Figures 2-3 
Mercury behavior in the presence of the catalysts
To evaluate the behavior of mercury in the presence of the catalysts, experiments
were carried out in a simulated oxy-combustion flue gas and under an air coal combustion atmosphere. The mercury conversion rate with SCR depends on factors such as the temperature, acid gas composition and ammonia dosing rate [31] . The effect of these parameters has been previously evaluated in the Project RFCR-CT-2007-00007 [27] . In general, it can be inferred that i) when the temperature is increased, the oxidation of mercury decreases, ii) HCl has a beneficial effect on mercury oxidation iii)
when the SO 2 concentration is increased slightly, mercury oxidation may be favored due to the higher acid load of the catalyst, making the catalysts more active for mercury oxidation and iv) a high concentration of ammonia can overload the catalysts` active sites and reduce the rate of mercury conversion. The task now is to assess the role of CO 2 and H 2 O in the oxidation of mercury in the presence of the catalysts.
Figures 4-5 show the percentages of i) mercury (Hg 0 +Hg 2+ ) retained in the catalysts (i.e., Hgp), ii) the oxidized mercury in gas phase (Hg 2+ ), resulting from homogeneous oxidation (gas-gas interaction) and heterogeneous oxidation (gas-catalytic interaction), and iii) the elemental mercury that was not retained in the sorbent (Hg 0 ).
The Hg 2+ at the outlet of the reactor was determined by capturing it in an ion exchanger resin suitable for the selective extraction of Hg 2+ species [28] . A resin bed was placed after the reactor in each mercury experiment which was then directly analyzed by means of AMA. The Hg 2+ from homogeneous oxidation is the result of an analysis of the resin without the catalyst, whereas the Hg 2+ from heterogeneous oxidation is the amount of and CO 2 . However, in the present study, the catalyst-gas contact time was less than 1 second, implying that kinetic limitations in the reaction between Hg and V 2 O 5 must be the cause of the low level of mercury removal, to the point where it was almost zero in oxy-fuel conditions. In the air combustion atmosphere differences became apparent when the catalyst was doped with Mn. The presence of Mn increased the oxidation of Hg but led to a decrease in mercury retention capacity. This was not altogether unexpected because the previous results obtained from the characterization of these catalysts [27] indicated a loss of BET surface area which would result in a decrease in mercury capture on the solid. It is to be noted that the distribution of mercury species was similar with either catalyst in the oxy-combustion atmosphere (Figure 4 ). It can be inferred, therefore, that the differences in the characteristics of the catalysts were eclipsed by the effect of the flue gas composition. In the oxy-combustion atmosphere Hg 2+ was the main mercury species. A slightly lower NOx conversion was observed in the oxy-combustion atmosphere than in the conventional air combustion atmosphere (Figures 2-3) . The lower NOx conversion leaves more NH 3 free making it more difficult for the catalyst to oxidize the mercury [32] [33] . However, the effect of NH 3 depends, among other factors, on the space velocity [32] , the effect of NH 3 being low at a low space velocity (1.38 s -1 ) [32] . In the present study the space velocity was <0.1 s -1 .
Therefore, the higher Hg oxidation observed in the oxy-combustion than in the air combustion atmosphere (Figures 4-5 ) is a consequence of the fact that the lower NOx conversion results in a higher concentration of NOx in the flue gas which, in turn, favors Hg homogeneous oxidation through Reactions 3 and 4 [9] .
Moreover, the large proportion of CO 2 might also be competing for the same adsorption sites as the mercury which would explain why the catalyst retained almost no mercury in the oxy-combustion atmosphere.
Conclusions
A comparison of the capacities of SCR catalysts to oxidize and capture mercury in simulated atmospheres of air and oxy-combustion showed that a greater level of mercury oxidation was produced in the enriched-CO 2 atmosphere in the experimental conditions of this study. The results suggest that in an atmosphere enriched in CO 2 the conversion of NOx is lower than in an atmosphere enriched in N 2 , leaving more NO and NO 2 free to homogeneously oxidize mercury. Although kinetic limitations must also be taken into consideration, it can be inferred that in oxy-combustion conditions the presence of a large amount of CO 2 decreases the number of active sites available for mercury adsorption. In these conditions, the different natures of the active sites of 
